α-cluster correlations in the 0 + 1 and 3 − 1 states of 12 C and 16 O are studied using the method of antisymmetrized molecular dynamics, with which nuclear structures are described from nucleon degrees of freedom without assuming existence of clusters. The intrinsic states of 12 C and 16 O have triangle and tetrahedral shapes, respectively, because of the α-cluster correlations. These shapes can be understood as spontaneous symmetry breaking of rotational invariance, and the resultant surface density oscillation is associated with density wave (DW) caused by the instability of Fermi surface with respect to particle-hole correlations with the wave number λ = 3.
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I. INTRODUCTION
Nuclear deformation is one of typical collective motions in nuclear systems. It is known that the ground states of nuclei often have static deformations in the intrinsic states, which are regarded as spontaneous symmetry breaking of the rotational invariance due to many-body correlations. Not only normal deformations of axial symmetric quadrupole deformations but also triaxial and octupole deformations have been attracting interests.
In light nuclear systems, further exotic shapes owing to cluster structures have been suggested. For instance, a triangle shape in 12 C and a tetrahedral one in 16 O have been discussed using cluster models, which a priori assume 3α-and 4α-cluster structures for 12 C and 16 O. In old days, non-microscopic α-cluster models have been applied in order to understand the energy spectra of 12 C and 16 O [1, 2] . Wheeler has suggested low-lying 3 − states of 12 C and 16 O as vibration of the triangle and tetrahedral configurations of 3 and 4 α particles, respectively [1] . These states are now considered to correspond to the lowest negative-parity states 12 C(3 − 1 , 9.64 MeV) and 16 O(3 − 1 , 6.13 MeV) established experimentally. In 1970's, semi-microscopic cluster models [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , a molecular orbital model [14] , and also a hybrid method of shell model and cluster model [15] have been applied in order to investigate cluster structures of 12 C and 16 O. For 12 C, the ground state is considered to have the triangle shape because of the 3α-cluster structure. In addition, a further prominent triangle 3α structure has been suggested in 12 C(3 . In cluster models, α clusters are a priori assumed and it is not be able to check cluster formation. Using the method of antisymmetrized molecular dynamics (AMD) [16, 17, 17, 19, 20] , one of the authors (Y. K-E.) has confirmed the 3α cluster formation in 12 C from nucleon degrees of freedom without assuming existence of clusters for the first time [21, 22] . The AMD result for 12 C was supported by the calculation of the method of Fermionic molecular dynamics [23] , which is a similar method to the AMD. Recently, ab initio calculations using realistic nuclear forces have been achieved for 12 C and reported the 3α cluster formation in 12 C [24] [25] [26] . In contrast to the triangle shape in the 12 C(0
, a 3α cluster gas-like state without a specific shape has been suggested for the 0 + 2 state by cluster models [5, 7-10, 12, 27] . In such a cluster gas state, α particles are weakly interacting like a gas and the normal concept of nuclear deformation may be no longer valid.
Let us consider the cluster phenomena in 12 C from the viewpoint of symmetry breaking. Since the Hamiltonian of nuclear systems has rotational invariance, a nucleus has a spherical shape if the rotational symmetry is not broken, However, in the intrinsic state of 12 C(0 + 1 ), the spherical shape changes to the triangle shape via the oblate shape because of the α-cluster correlation. It means the symmetry breaking from the rotational symmetry to the axial symmetry, and to the D 3h symmetry. In the group theory, it corresponds to O(3) → D ∞h → D 3h . This symmetry breaking from the continuous group to the discrete (point) group in the triangle shape is characterized by surface density oscillation, namely, a standing wave at the edge of the oblate state, and can be regarded as a kind of density wave (DW) caused by the particle-hole correlation carrying a finite momentum. This is analogous to the DW in infinite matter with inhomogeneous periodic density, which has been an attractive subject in various field such as nuclear and hadron physics [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] as well as condensed matter physics [47, 48] . Indeed, in our previous work, we have extended the DW concept to the surface density oscillation of finite systems and connected the triangle shape with the DW on the oblate state [49] .
Similarly to the triangle shape with the D 3h symmetry in 12 C, a tetrahedral shape with the T d symmetry in 16 O has been suggested based on 4α-cluster model calculations in order to understand 16 O(3 − 1 , 6.13 MeV) [1, 3, 13] , The tetrahedron shape is supported also by experimental data such as the strong E3 transition for 3 [50] and α-transfer cross sections on 12 C [51] . In 4α-cluster models, the tetrahedral shape has been suggested also for the ground state of 16 O [3, 13] . Moreover, algebraic approaches for the 4α system have been recently applied to describe the energy spectra of 16 O based on the T d symmetry and its excitation modes [52] . However, the cluster formation nor the tetrahedral shape in 16 O have not been confirmed yet. In Hartree-Fock calculations, the spherical p-shell closed state is usually obtained for the ground state solution except for calculations using particularly strong exchange nuclear interactions [53] [54] [55] . Recently, we applied the AMD method to 16 O and found a tetrahedral shape with the 4α-cluster structure with a microscopic calculation from nucleon degrees of freedom without assuming existence of clusters [56] . More recently, in a first principle calculation using the chiral nuclear effective field theory, the tetrahedral configuration of 4α has been found in the ground state of 16 
II. VARIATION AFTER PROJECTION WITH AMD WAVE FUNCTION
We explain the AMD+VAP method. For the details of the AMD framework, the reader is refereed to, for instance, Refs. [20, 21] . In the AMD framework, we set a model space of wave functions and perform the energy variation to obtain the optimum solution in the AMD model space. An AMD wave function is given by a Slater determinant of Gaussian wave packets,
where the ith single-particle wave function is written by a product of spatial, intrinsic spin, and isospin wave functions as
φ X i and χ σ i are the spatial and intrinsic spin functions, and χ τ i is the isospin function fixed to be proton or neutron. Accordingly, the AMD wave function is expressed by a set of variational parameters, Z ≡ {X 1 , X 2 , . . . , X A , ξ 1 , ξ 2 , . . . , ξ A }. The width parameter ν relates to the size parameter b as ν = 1/2b 2 and is chosen to be ν = 0.19 fm −2 that minimizes energies of 12 C and 16 O. Gaussian center positions X 1 , . . . , X A and intrinsic spin orientations ξ 1 , . . . , ξ A for all single-nucleon wave functions are independently treated as variational parameters. Therefore, in the AMD framework, nuclear structures are described from nucleon degrees of freedom without assuming existence of clusters. Despite of it, the model wave function can describe various cluster structures owing to the the flexibility of spatial configurations of Gaussian centers and also shell-model structures because of the antisymmetrization. If a cluster structure is favored in a system, the corresponding cluster structure is automatically obtained in the energy variation.
An AMD wave function is regarded as an intrinsic wave function and usually does not have rotational symmetry. To express a J π state, an AMD wave function is projected onto the spin-parity eigenstate,
where P Jπ MK is the spin-parity projection operator. The spin-parity projection can be understood as restoration of the symmetry. To obtain the wave function for the J π state, variation after projection (VAP) is performed with respect to variational parameters {Z} of the AMD wave function. Namely, we perform the variation of the energy expectation value Φ(Z)|H|Φ(Z) / Φ(Z)|Φ(Z) for the J π projected AMD wave function and obtain the optimum parameter set {Z opt J π } for the J π state. This method is called AMD+VAP. The AMD wave function before the projection is expressed by a single Slater determinant. However, the spin-parity projected AMD wave function is no longer a Slater determinant and contains some kind of correlations beyond the Hartree-Fock approach.
III. AMD+VAP RESULTS OF
12 C AND 16 O
We perform the AMD+VAP calculation to obtain the lowest positive-and negative-parity states, 0 4 configuration but contain some cluster dissociation. Moreover, the intrinsic shapes are somewhat distorted from the regular triangle and tetrahedral shapes as an α cluster is situated slightly far from other αs. Nevertheless, these states show surface density oscillation with the wave number λ = 3 as a leading component as shown later.
The deformation mechanism of 12 C and 16 O is interpreted from the viewpoint of symmetry breaking. The highest symmetry is the sphere, which is realized in the uncorrelated limit; the p 3/2 -and p-shell closed configurations of 12 C and 16 O, respectively. Owing to many-body correlations, the symmetry can break into a lower symmetry. Let us consider the intrinsic shape of 12 C. Because of the α-cluster correlation, the rotational symmetry of the spherical state breaks to the axial symmetry of an oblate state and changes to the D 3h symmetry of the regular triangle 3α configuration, which breaks into the distorted triangle in the AMD+VAP result. The symmetry change, spherical→oblate→triangle, corresponds to O(3) → D ∞h → D 3h . Similarly, the intrinsic shape of 16 O is understood as the symmetry breaking O(3) → T d from the spherical state to the tetrahedral 4α configuration. Note that the continuous group symmetries break to the discrete (point) group ones in the triangle and tetrahedron shapes. The symmetry breaking caused by the α-cluster correlations can be understood as DWs, which cause static density oscillation at the nuclear surface. As described in the next section, the DWs for the triangle and tetrahedral shapes are characterized by the surface density oscillation with the wave number λ = 3. The order parameter of the DW for the triangle shape in 12 C is (Y
2 component, and that for the tetrahedral shape in 16 O is ( 
and discuss the λ = 3 components. In the present analysis, we take R 0 to be root-mean-square (rms) radii of the intrinsic states.ρ(R 0 ) is determined by normalization α 00 = 1.
is real. The density at r = R 0 on the θ-φ plane and that at the θ = π/2 for 12 C are shown in Fig. 3 . As clearly seen, the intrinsic states of 12 C(0 edge, which comes from the triangle 3α configuration. Figure 4 shows the amplitudes α λµ of Y µ λ component of the surface density. It is found that the surface density oscillation is characterized by the λ = 3 component reflecting the breaking of the axial symmetry from the oblate shape to the triangle shape in 12 C. For the intrinsic density of 16 O, we show the θ-φ plot in Fig. 5 , and the amplitudes α λµ in Fig. 4 , in which the tetrahedral component
3 /3 is shown by the hatched boxes at α 30 and α 33 . The open boxes indicate the distortion from the regular tetrahedron.
16 O shows the surface density oscillation with the dominant tetrahedral component reflecting that the rotational symmetry is broken mainly into the T d symmetry.
The present result indicates that, the symmetry breaking from the axial symmetry to D 3h symmetry in 12 
the surface density oscillation with the dominant λ = 3 components, which are interpreted as the DW on the oblate (spherical) shape. Let us discuss the observable properties of the 0 
where coefficients c (J π ) ′ ,K are determined by diagonalization of Hamiltonian and norm matrices. We call the calculation using one base with the summation (J π ) ′ = J π and K = −J, . . . , +J "1-base calculation" and that using two bases with the summation (J π ) ′ = 0 + , 3 − and K = −J, . . . , +J "2-base calculation". Here K-mixing is considered in Ψ(J π ). In the previous works [21, 22] , we have performed further superposition of 23 wave functions, which we call "23-base calculation" in this paper.
In Table I , we show energies, rms radii, and E3 transition strengths for 12 C and In terms of harmonic-oscillator (ho) shell-model basis expansion, the shape fluctuation causes mixing of higher shell components. In order to quantitatively discuss the higher shell mixing, we calculate occupation probability of a N shell -shell in the ho shell-model expansion for the obtained wave functions Ψ(J π ) as was done in Refs. [60, 61] . Here, we choose the ho width to be b used for the AMD wave function and define N shell = 0 for the lowest 0 ω configuration. Figure 6 shows the occupation probability for 12 C. For 12 C(3 − 1 ), the probability is distributed widely in the higher shell region. However, 12 C(0 ) are similar to each other. Moreover, they are not sensitive to the number of base wave functions. These results indicate that these two states in 16 O can be regarded as a set of parity partners constructed from the rigid tetrahedral intrinsic state. Both states contain significant mixing of higher-shell components as approximately 50% indicating the significant ground state correlation because of the tetrahedral 4α structure.
IV. DISCUSSIONS BASED ON CLUSTER MODEL ANALYSIS
In the previous section, we found the triangle and tetrahedral shapes in the intrinsic states of 12 C and 16 O calculated using the AMD+VAP, in which we treat nucleon degrees of freedom without assuming existence of clusters. In this section, we give more fundamental discussions on the triangle 3α and tetrahedral 4α structures based on simple analyses using a cluster model. We consider the 3α-and 4α-cluster wave functions given by the BB α-cluster model and show that the triangle 3α and tetrahedral 4α states correspond to the surface DWs with the wave number λ = 3. We also discuss the role of Pauli blocking between clusters in the triangle and tetrahedral shapes. 
A. Brink-Bloch α-cluster wave function
The BB α-cluster wave function Φ BB nα [59] for an even-even Z = N = 2n (A = 4n) nucleus is described by the following nα-cluster wave function consisting of (0s) 4 α clusters as
where X τ σ is the spin-isospin wave function with τ = {p, n} and σ = {↑, ↓}. Φ BB nα is specified by the spatial configuration {S 1 , . . . , S n }, which indicate center positions of α clusters.
Note that the BB wave function is included in the AMD model space. Namely, when the parameters for the AMD wave function are chosen as
with k = 1, . . . , n, the AMD wave function is equivalent to the BB α-cluster wave function. 
B. Surface density oscillation of BB wave functions
As explained in Ref. [49] , the BB 3α-cluster wave function for the regular triangle configuration with a small inter-cluster distance (d) can be rewritten as
where ψ ho lm is the harmonic oscillator single-particle orbit, and ǫ is a small real value of the order O(d). Here, O(ǫ 2 ) and higher terms in the spatial part for X τ σ are omitted. ǫ is regarded as the order parameter for breaking of the axial symmetry. The density of the Φ BB 3α,small-d (ǫ) state at r = (r, θ, φ) is given as
and its multipole decomposition at r = R 0 is
In a similar way, the BB 4α-cluster wave function for the regular tetrahedral configuration with a small distance can be rewritten as
The density of the Φ BB 4α,small-d state is
Equations (21) and (21) indicate the surface density oscillation with the wave number λ = 3. Note that the Y ±2 3 terms in (21) can be transformed to
C. DW-type correlation at Fermi surface of BB wave functions
In particle-hole representation on the Fermi surface defined by the ǫ = 0 case, the Φ BB 3α,small-d (ǫ) and Φ BB 4α,small-d (ǫ) states can be expressed as
and
where χ = τ σ, a † lm,χ and b † lm,χ are the particle and hole operators for the single-particle φ lm X τ σ state, respectively, and |0 (23) and (25) indicate that the 3α-and 4α-cluster wave functions contain the DW-type particle-hole correlations carrying the finite angular momenta of λ|µ| = 33 and 32, which are consistent with the angular momenta of Y ) with the triangle configuration, the second 0 + state of 12 C is considered to be a cluster gas state where 3 α clusters are freely moving in dilute density like a gas without any geometric configurations [7-10, 12, 27] . It means that two kinds of 3α-cluster states appear in 12 C; the triangle state with localized α clusters and the cluster gas state with nonlocalized α clusters. From the viewpoint of symmetry breaking, the symmetry is broken to the D 3h in the 0 + 1 state, and seems to be restored in the 0 + 2 state. The origin of the symmetry breaking and that of the restoration in the 3α states can be understood by Pauli blocking between α clusters as follows. Let us here discuss the Pauli blocking effect on the α-cluster motion, in particular, its angular motion. The BB 3α-cluster wave function Φ BB 3α (S 1 , S 2 , S 3 ) expresses the localized cluster state, in which α clusters are located around positions S 1 , S 2 , and S 3 . We assume that 2 α clusters placed at S 1 = (0, d/2, 0) and S 2 = (0, −d/2, 0) form a 2α core and the third α is placed at S 3 = (x, y, 0) = (r cos ϕ, r sin ϕ, 0) ( Fig. 8(b) ). Here we define the intrinsic frame so that the x-y plane contains S 1 , S 2 , and S 3 .
In order to discuss Pauli blocking effect for the angular motion of the third α cluster around the 2α core, we show in Fig. 8(a) the norm N 3α of the BB 3α-cluster wave function defined as
The norm N 3α is normalized by the value at ϕ = 0 on the x-axis for each r, and N 3α ∼ 0 and N 3α ∼ 1 mean strong and weak Pauli blocking, respectively, for the angular motion of the third α cluster. In the small r region, N 3α is much suppressed in the ϕ = 0 region because of the antisymmetrization effect. It means that, in the small r region, the third α cluster feels the strong Pauli blocking from the 2α core on the y-axis, which blocks the angular motion of the third α and localize it well at ϕ = 0 on the x-axis (see Fig. 8(c) ). This corresponds to the localized 3α-cluster state with a triangle configuration. Namely, in a compact 3α state, the triangle configuration is favored because of the strong Pauli blocking effect between α clusters. By contrast, in the large r region, N 3α is nearly equal to 1 independently from φ indicating that the third α cluster is almost free from the Pauli blocking ( Fig. 8(d) ). It corresponds to the nonlocalized cluster state. These are the reasons for appearances of the localized and nonlocalized cluster states. The 12 C(0 + 1 ) state contains dominantly the compact 3α component in the strong Pauli blocking regime, in which the triangle configuration is favored because of the Pauli blocking between α clusters. In the 12 C(0 + 2 ), α clusters spatially develop and can move freely like a gas in the weak Pauli blocking regime. In the case of 16 O, the tetrahedral configuration is favored in a compact 4α state owing to the same mechanism of the Pauli blocking effect between α clusters. 
V. SUMMARY
We investigated intrinsic shapes of the 0 16 O obtained using the AMD+VAP method show the triangle and tetrahedral shapes, respectively, because of the α-cluster correlations. The formation of α clusters in these states was confirmed in the AMD framework, in which we treated nucleon degrees of freedom without a priori assuming existence of clusters. The surface density shows the λ = 3 oscillation as the leading component, which is associated with the D 3h and T d symmetry.
Comparing the intrinsic structures between the 0 + 1 and 3 − 1 states, we discussed whether these two states can be understood as a set of parity partners.
16 O(0 ). Based on simple analyses using the BB 3α-and 4α-cluster model wave functions, we showed the connection of triangle 3α and tetrahedral 4α states with surface DWs caused by the particle-hole correlations carrying the wave number λ = 3 on the Fermi surface. It means that the oscillating surface density in the triangle and tetrahedral shapes is associated with the instability of Fermi surface and is related to the spontaneous symmetry breaking because of the many-body correlation. Pauli blocking between α clusters plays an important role in the appearances of the triangle and tetrahedral configurations in 3α and 4α systems, respectively.
